1. Introduction {#sec1}
===============

Production of ethanol from residual lignocellulosic biomass may serve as a promising clean fuel substitute that can reduce the greenhouse gases, ease the resource limitations of fossil fuel, eliminate the concerns of using food for fuel production, progress the rural economy, and create direct and indirect jobs. The market of ethanol grew from less than a billion liters in 1975 \[[@B1]\], and it is expected to reach more than 22 million gallons by 2022 \[[@B2]\].

Carbohydrates of cellulose and hemicellulose are hydrolyzed with two routes of acid or enzymatic hydrolysis to their subunits that can be fermented to ethanol by, for example, baker\'s yeast \[[@B3]\]. Despite extensive research, the production of ethanol from lignocellulosic biomass in a manner that can economically compete with that of corn has not yet been achieved.

The cost of cellulolytic enzymes remains one of the key challenges for second-generation biofuel production. In a recent study, the price of cellulytic enzymes has been estimated to be \$0.68/gal ethanol \[[@B4]\]. Considering that the price of enzyme in dry-grind corn ethanol is only 0.03--0.04 \$/gal ethanol \[[@B5]\], an extensive price gap must be diminished before lignocellulosic ethanol can compete with corn ethanol process. Enzymes have been found to be deactivated by a variety of reasons such as thermal effects imposed in a longer process \[[@B6]\], shearing effect \[[@B7]\], air-liquid contact \[[@B8]\], irreversible adsorption to active (e.g., cellulose) and nonactive sites (e.g., lignin) \[[@B9]--[@B12]\] and high concentrations of monomer sugars of hemicellulose (i.e., xylose, mannose, and galactose) \[[@B13], [@B14]\], xylo-oligomers \[[@B13]\], soluble lignin or lignin degradation products \[[@B15], [@B16]\], polymeric phenol tannic acids, and to a lesser extent monomeric phenolic compounds \[[@B17]\].

Cellulase deactivation can reach to as low as 16% of the initial activity within the first 24 h of hydrolysis \[[@B9]\]. Deactivation of cellulase is certainly a negative property that impacts the process cost by eliminating the chance of enzyme recycling or requiring more enzymes to maintain acceptable conversion rates.

In addition to efforts to genetically engineer new types of enzymes and enzyme producing microbes, application of surfactants (especially the nonionic) showed to be an effective approach to improve enzyme activity and hence reduce their application rate or increase the possibility for recycling. When surfactants are present in solution at levels beyond the critical micelle concentration (CMC), core-shell nanoparticles are formed. The interactions between enzymes and these micelle particles can result in a strong positive modification of the catalytic properties of the enzyme, such that "superactivity" of enzymes can be observed. Thus, an enhanced catalytic reaction can occur at the interface of micelles enzyme compared to that in aqueous phase \[[@B18]\]. It was suggested that the electrostatic interaction between micelle and enzyme, such as lipase, activates the key amino acids of enzyme (e.g., lysine and arginine) resulting in increased catalytic activity \[[@B19]\]. Also it was suggested that surfactants adsorb in the monomer form \[[@B20]\] to the surface of lignocellulosic biomass and prevent irreversible enzyme adsorption by increasing entropy at the time of contact with enzyme, thus increasing the amount of free enzyme in solution \[[@B21], [@B22]\]. Disruption effect of biomass (e.g., removal of lignin, disruption of H-bonding in cellulose, and removal of amorphous cellulose) was reported to be another potential effect of surfactants \[[@B14], [@B20], [@B23]\].

Although surfactants have demonstrated these potential advantages, amphiphilic polymers of proteins and biopolymers are better choices in improvement of enzyme activity. This is because surfactants might have disadvantages such as foaming property and environmental pollution \[[@B24]\], and in some cases even small quantities of Tween 80 have been shown to be inhibitory to some strains of yeast \[[@B25]\]. For instance, application of 2.5 g/L Tween 20 helped to reduce the enzyme loading by 50%, while retaining cellulose conversion \[[@B11]\]. However, 1 g/L of Tween 20 was found to be an inhibitor to *D. claussenii* \[[@B26]\].

Alternative lignin-blocking polypeptides that were reported to enhance the catalytic reaction of cellulase by several folds include soybean meal, corn steep liquor, bovine serum albumin (BSA), amylase, chicken egg albumin, and combinations thereof \[[@B12]\]. The high cost of some of these proteins, such as BSA, has prompted us to further investigate more cost-efficient protein sources to be used as an enzyme activator.

Recently, we found for the first time that casein can be a good alternative stabilizer for cellulase, depending on the type of casein used (e.g., ultrafiltered liquid, lyophilized acid casein \[[@B59]\], and complete casein (gluten free)). In our recent study, it was found that casein can increase the ethanol yield from corn stover by as much as 8.48%--33.7% through enhancement of enzyme activity. However, the mechanism of action behind the effectiveness of casein during hydrolysis and fermentation of lignocellulosic biomass remained a question. Application of casein as a stabilizer for protein structure or even as a chaperone in promoting proper protein folding is well established \[[@B27]--[@B29]\]. It has been found that the casein aggregates into complexes ranging from a few nanometers to hundreds of nanometers in diameter \[[@B30], [@B31]\] and that surface binding may also alter the structure of casein. Casein has been used in the past on the surface of SiO~2~ for immobilization and induced activity of kinesin \[[@B32]\]. It was predicted that above a minimum casein concentration, an irreversible monolayer of casein is formed on the surface with a thickness corresponding to the size of the casein in solution \[[@B32]\]. Reduced adsorption of microbes (*Listeria monocytogenes*) due to the protection provided by surface preadsorption with milk protein has also been reported \[[@B33]\].

Therefore, the aim of this study was set to investigate one of the potential mechanisms of action behind the casein and whey protein effectiveness that would reduce the cellulase irreversible adsorption to lignocellulosic biomass. Analytical techniques such as Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and Kjeldahl and BSA protein analyses were used to determine the adsorption of whey and casein protein to biomass, and capillary electrophoresis (CE) was used to analyze the modifications in enzyme solubilization in the presence of additives.

2. Materials and Methods {#sec2}
========================

2.1. Pretreatment of Corn Stover {#sec2.1}
--------------------------------

Ground corn stover (8 mm screen, Speedy King, Winona Attrition Mill Co., MN, USA) was pretreateds with different techniques as described in [Table 1](#tab1){ref-type="table"}. Lime and dilute acid pretreatments of corn stover were performed according to optimized conditions reported previously by Kaar and Holtzapple \[[@B34]\] and Lloyd and Wyman \[[@B35]\], respectively. These pretreatments were performed in a 1-L Parr reactor (Parr Instrument Company, Moline, IL, USA) equipped with Rushton disc impeller rotating at 100 rpm, with pressure and temperature control. For dilute sulfuric acid pretreatment, ground corn stover was soaked in 0.98% sulfuric acid overnight at a solid loading rate of 5%. The soaked corn stover in acid solution was then loaded into the reactor and treated for 40 min at 140°C. The reaction was terminated by immersing the reactor in a cold water bath. Vacuum filtration with Whatman no. 2 filter paper was used to separate pretreated biomass from the liquid, and the solids were then washed with DI water until a neutral pH was achieved. For lime pretreatment, the ground corn stover was mixed with 0.075 g/g Ca(OH)~2~ at a solid loading rate of 19.5% and then heated to 120°C for 4 h. The solid fraction was recovered, rinsed, and filtered as described earlier.

Alkali pretreatment was conducted according to Gupta and Lee \[[@B36]\]. In brief, 1% w/v NaOH was mixed with ground corn stover to achieve a solid loading rate of 8.3% and then was heated in sealed Erlenmeyer flasks at 60°C for 24 h. Solids were filtered and washed until a neutral pH was obtained. Extrusion pretreatment was conducted according to Karunanithy and Muthukumarappan \[[@B37]\] using a single screw extruder (Brabender Plasti-corder Extruder Model PL2000, Hackensack, NJ, USA) with a barrel length to screw diameter ratio (L/D) of 20 : 1 and a compression ratio of 3 : 1. The moisture content of ground corn stover was adjusted to 20% wb and held overnight before being manually fed into the extruder at an average rate of 16.5 g/min. While the residence time of the material in the barrel varied slightly due to the nature of the manual feeding, a mean reaction time of 45--90 s was estimated. The temperatures of feed, barrel, and die zone of the extruder were held at 90, 180, and 180°C, respectively. AFEX-pretreated biomass was provided by Michigan State University (see conditions in [Table 1](#tab1){ref-type="table"}).

2.2. Enzymes {#sec2.2}
------------

Celluclast 1.5 L, with a cellulase activity of 71.7 FPU/mL, and Novozyme 188, with a **β*-*glucosidase activity of 422.14 CBU/mL obtained from Sigma Aldrich were used as the cellulytic enzymes. Celluclast 1.5 L and Novozyme 188 were used at dosages of 25 FPU/g glucan and CBU : FPU ratio \~2.5, respectively.

2.3. Adsorption of Casein and Whey Proteins to Corn Stover Determined by FT-IR {#sec2.3}
------------------------------------------------------------------------------

Fourier transform infrared spectroscopy (FT-IR) was initially used to determine the casein biopolymers physical adsorption onto the corn stover. Corn stover containing 1% (w/v) glucan prepared with different techniques according to [Section 2.1](#sec2.1){ref-type="sec"} was blended in 50% (v/v) citrate buffer (pH 4.85), 2.5 g/g glucan of casein or skim milk, and sufficient deionized water (DI) for a total volume of 10 mL to achieve a 3% solid loading. Prepared test tubes (in duplicate) were incubated for 72 h in a shaker incubator at 50°C and 150 rpm. After treatment, biomass was subsequently collected with vacuum filtration, and washed with 2 times the sample volume with DI water. Collected solid residues of biomass were then scanned with Fourier transform infrared spectroscopy (Nicolet 380) with an ATR (attenuated total reflectance) accessory as described in more detail elsewhere \[[@B38]\]. Samples were uniformly pressed against the diamond surface with the swivel pressure tower accessory; then for each spectrum, a 150-scan interferogram was collected using single beam mode with 4 cm^−1^ resolution for the region of 4000 to 500 cm^−1^. Prior to each analysis, a background spectrum (air) was collected and automatically corrected from the sample spectrum. Reference spectra consisted of biomass that had been incubated under similar conditions as treatment samples, with the absence of additives. Wavenumber assignments brought in [Table 2](#tab2){ref-type="table"} demonstrate the regions of protein (amides I--II) that could be used to evaluate the protein adsorption on biomass.

2.4. Adsorption of Casein and Whey Proteins to Corn Stover Determined by SEM {#sec2.4}
----------------------------------------------------------------------------

Scanning electron microscopy (SEM) was used to provide a more in-depth qualitative analysis of the casein adsorption onto the pretreated corn stover. To prevent redundant imaging, only pure casein (with minor whey) and extrusion pretreated biomass were used in this analysis. Extruded corn stover (5% w/v) was solubilized in a 50 mL solution of citrate buffer (pH 4.85) with 4.1% (w/v) casein. After 72 h of incubation at 50°C and 150 rpm, biomass was separated from the solution by vacuum filtration using Whatman filter paper no.2 after being washed with 2 times the sample volume with DI water. Collected biomass was then lyophilized at −48°C for 48 h prior to SEM analysis. The samples were gold coated for 180 s to help reduce sample charging typically observed on non-conductive samples. All samples were imaged under high vacuum conditions, utilizing the secondary electron detector (SED). This detector is ideal for observing fine surface morphology. Images were acquired at various areas throughout the samples, at a variety of magnifications from 42x to 19,000x.

2.5. Adsorption of Casein and Whey Proteins to Corn Stover Determined by BSA and Kjeldahl {#sec2.5}
-----------------------------------------------------------------------------------------

To quantify the amount of adsorbed protein, Kjeldahl digestion \[[@B39]\] and Bovine serum albumin (BSA) assays were used to determine the amount of soluble protein (casein and whey). The difference between the applied protein through casein or milk and the remaining level of protein in solution after incubation would represent the amount of bonded protein. Corn stover containing 1% (w/v) glucan prepared with different techniques according to [Section 2.1](#sec2.1){ref-type="sec"} was solubilized in a total volume of 80 and 30 mL solution for Kjeldahl and BSA assays, respectively. The solution was comprised of 50% (v/v) citrate buffer (pH 4.85), 2.5% (w/v) commercial casein or skim milk, and DI water. Samples were incubated for 30 min at 60°C to maximize binding of the casein or milk proteins to lignin; this was because it was reported that the elevated temperatures enhanced the adsorption activity \[[@B40]\]. The temperature was then reduced to 50°C for 72 h of incubation similar to the enzymatic hydrolysis condition according to NREL protocol (With no enzymes added) \[[@B41]\]. Samples were collected at 24, 48, and 72 h, centrifuged at 3,000 rpm for 5 min, and the supernatant (biomass free) was subjected to Kjeldahl or BSA analysis in duplicates.

2.6. Cellulase Solubilization Determined by CE {#sec2.6}
----------------------------------------------

To estimate the modifications in cellulase solubilization during hydrolysis of corn stover with and without preincubation with casein polymers, CE (Beckman P/ACE MDQ capillary electrophoresis system (Beckman Coulter, Fullerton, CA, USA) equipped with a UV detector set at 214 nm) was applied as the analytical tool. Samples of extruded corn stover (1% w/v glucan) were prepared in a total volume of 80 mL consisting of 50% (v/v) citrate buffer (pH 4.85), DI water, and either 2.5% w/v casein or skim milk. Each reaction vial was incubated in a shaker bath set at 150 rpm and 60°C for 30 min to maximize protein binding \[[@B9]\]. The temperature was then reduced to 50°C, and 25 FPU cellulase with 2.5 CBU : FPU of *β*-glucosidase was added to each vial for 72 h enzymatic hydrolysis. Samples were withdrawn after 24, 48, and 72 h of incubation and then centrifuged at 3,000 rpm for 5 min, and the biomass-free supernatants were prepared for CE analysis as described in the following.

Samples were processed via CE according to the method defined by Salunke et al. \[[@B42]\]. In brief, pure skim milk, casein, enzymes cocktail, or hydrolyzate supernatants were diluted to 10 mg/mL protein using HPLC grade water. Separation was obtained via a 50 *μ*m bare fused silica capillary with the length of 30.2 cm. Gel formulation in a sieving range of 10--225 KDa was used. For estimation of protein molecular weights in the sample, the SDS-MW size standard (recombinant proteins 10--225 kDa supplied with the ProteomeLab SDS-MW Analysis Kit) was used to calibrate the gel. **β**-mercaptoethanol (5 *μ*L) was added to each microfuge vial containing diluted SDS-MW size standard (10 *μ*L in 85 *μ*L of sample buffer). Prepared vials were heated in a water bath for 10 min at 90°C. A separation at constant voltage of 15 KV (25°C temperature and 20 bar pressure) was performed with reverse polarity in SDS-MW gel buffer. Sample was electro kinetically introduced at 5 kV for 20 s. A capillary preconditioning method was run every six samples. The area of each peak and identification of each protein were found and calculated from the electropherogram.

3. Results and Discussion {#sec3}
=========================

3.1. Adsorption of Casein and Whey Proteins to Corn Stover Determined by FT-IR {#sec3.1}
------------------------------------------------------------------------------

FT-IR was used to demonstrate the physical adsorption of casein or skim milk proteins on biomass after 72 h of incubation. Figures [1(a)](#fig1){ref-type="fig"}--[1(e)](#fig1){ref-type="fig"} show the IR spectra of corn stover pretreated by various methods that have been incubated with skim milk or casein. Although the protein secondary structure can be obtained from the IR spectra to quantify the modifications in enzyme structure, the IR spectra obtained in this study were used without any extra manipulations (i.e., subtraction, smoothing, or convolution) to compare the amides I and II profiles visually. It is known that water and amide I and II demonstrate IR absorption at the same regions, with water peaks appearing at 1500--1800 cm^−1^ and amides I and II absorbing at 1617--1692 cm^−1^ and 1510--1580 cm^−1^, respectively ([Table 2](#tab2){ref-type="table"}). The differences observed in peak shapes from samples treated with casein or milk compared to those without additives can be associated to adsorbed protein (Figures [1(a)](#fig1){ref-type="fig"}--[1(e)](#fig1){ref-type="fig"}). IR spectra collected from aqueous buffer were included in each of Figures [1(a)](#fig1){ref-type="fig"}--[1(e)](#fig1){ref-type="fig"} to demonstrate the portion of each spectrum belonging to water. FT-IR technique was also applied before to successfully estimate the protein content of the milk \[[@B43]\].

As it is demonstrated in [Figure 1](#fig1){ref-type="fig"}, the sign of protein adsorption can be simply observed in almost all samples. Lime-pretreated corn stover ([Figure 1(b)](#fig1){ref-type="fig"}) and AFEX-pretreated CS ([Figure 1(e)](#fig1){ref-type="fig"}) showed the highest profile of amide II compared to adsorbed protein to other pretreated CSs, while alkali-pretreated samples did not show a significant increase in amides I or II regions compared to control ([Figure 1(a)](#fig1){ref-type="fig"}). These results suggest that either a lower amount of protein was adsorbed to some biomass (e.g., alkali pretreated) or the casein substructure was deformed when it adsorbed to biomass.

Ozeki et al. \[[@B32]\] reported that when 0.2 mg/mL of casein was introduced to SiO~2~, most of the casein was tightly adsorbed to the surface of SiO~2~, and when it was washed with casein-free buffer, only some part of the casein released from the surface. Repeated introduction of casein solution to the surface of SiO~2~ resulted in readsorption of casein to the surface. As a result, the author suggested that casein adsorption to SiO~2~ surfaces has two modes of a tightly and a weakly bound layer.

3.2. Adsorption of Casein and Whey Proteins to Corn Stover Determined by SEM {#sec3.2}
----------------------------------------------------------------------------

Scanning electron microscopy (SEM) was used as another surface analysis technique to demonstrate whether casein and milk proteins have any affinity to corn stover and the degree to which they are able to adsorb to biomass after a certain period of incubation ([Figure 2](#fig2){ref-type="fig"}). As can be observed in [Figure 2](#fig2){ref-type="fig"}, when 4.5% w/v of casein in citrate buffer solution of biomass was lyophilized, the casein formed a white cake with a substantial number of perforations and globules on the surface of biomass. Due to the magnification limitations of SEM, the casein micelles themselves were not shown in this study. However single casein micelles images have been taken by field-emission scanning electron microscopy and can be found in the paper of Dalgleish et al. \[[@B44]\]. According to their imaging results, the size of the casein micelles varies between 200 nm and 350 nm, and the surface of each micelle at this magnification has been shown to conform to cylindrical or tubular structures that vary between 10 and 20 nm \[[@B44]\]. The size of the lyophilized casein globules on biomass varied between 5 and 50 *μ*m (Figures [2(a)](#fig2){ref-type="fig"}, [2(b)](#fig2){ref-type="fig"} and [2(c)](#fig2){ref-type="fig"}). Although the structure and position of casein at the time of reaction are best captured by imaging from a liquid sample, the aggregation of casein micelles at pH 4.85 was previously reported to be observed even by naked eye \[[@B45]\].

Observed contrast between the two Figures [2(d)](#fig2){ref-type="fig"} and [2(h)](#fig2){ref-type="fig"}, associated with casein treated biomass and control, respectively, can clearly demonstrate the adsorption of casein polymers to the surface of corn stover. It appears that casein initially created several layers of coating in some areas, while in other regions it adhered to the strands of biomass in a discontinuous coagulation form (Figures [2(e)](#fig2){ref-type="fig"} and [2(f)](#fig2){ref-type="fig"}). Interfacial studies on casein-hydrophobic surfaces for protein activations have shown that casein binds to the SiO~2~ surfaces by forming a tightly bound monolayer of **β**-casein, followed by a second loosely bound layer \[[@B46]\]. Tiberg et al. \[[@B47]\] found similar subunit interactions for casein adsorbed to silicon oxide. It is noteworthy to indicate that we used double the casein dose that we usually apply for hydrolysis in order to clearly show the coating effect of the casein on cellulosic biomass.

3.3. Adsorption of Casein and Whey Proteins to Corn Stover Determined by BSA and Kjeldahl {#sec3.3}
-----------------------------------------------------------------------------------------

In addition to the two surface analysis techniques (SEM and FT-IR) that were applied to illustrate the adsorption of casein or milk proteins onto corn stover, Kjeldahl and BSA protein assays were used for quantitative evaluation of the same phenomenon. Solution of aqueous citrate buffer comprised of 2.5% w/v casein polymer or skim milk and 1% w/v of corn stover (8 mm) were incubated together at 60°C for 30 min followed by 72 h of incubation at 50°C. The amount of soluble proteins was obtained by measuring the protein left in supernatant of samples drawn after 24, 48, and 72 h of incubation of biomass with casein or milk and comparing that to control (aqueous buffer of casein or milk with no biomass). The difference in protein content would represent the amount of protein adsorbed onto the biomass.

The results of Kjeldahl analysis demonstrated that after 24 h of incubation of casein with biomass, 68.37% of casein proteins (1.17 to 0.37% (w/v)) were adsorbed to the surface of biomass. Based on the compositional analysis of the milk used in the study, 2.5% (w/v) of milk solution was projected to contain 0.87% w/v protein; this was also confirmed by Kjeldahl assay that was indicated to be 0.89% w/v protein. After 24 h of incubation of 1% w/v corn stover in milk solution, the results demonstrated that 15.7% of the milk protein was adsorbed to the biomass. According to the amount of the biomass used, an adsorption rate of 0.80 and 0.14 g of protein/g of biomass can be estimated for casein and milk proteins, respectively.

Another method used to evaluate the adsorption of casein or milk proteins to pretreated corn stover was BSA assay. In this assay, BSA protein of 2 mg/mL was used as reference, and the reactivity of the protein being evaluated was assumed to be comparable to that of BSA. [Table 3](#tab3){ref-type="table"} shows the percentage of soluble protein found after 24, 48 and 72 h of incubation of 1% w/v glucan equivalent of pretreated corn stover with 2.5% w/v casein polymers or skim milk.

The greater adsorption of soluble casein proteins to biomass compared to milk proteins was in agreement with Kjeldahl analysis. However, Kjeldahl analysis demonstrated a slightly higher protein adsorption compared to what was obtained with BSA analysis. The adsorption of milk protein to biomass was found to vary between 1.12 and 73.9% whereas casein adsorption varied between 37.5 and 93.4% after 24 h of incubation. These results suggest that casein proteins have a much higher affinity for corn stover compared to proteins in milk. Moreover, the affinity of proteins varies depending on the pretreated corn stover used. This might have been due to the differences in particle size, surface area, and chemical structure originating from different pretreatment techniques.

While casein has shown a stronger earlier affinity to pretreated corn stover compared to milk protein, adsorption of both milk and casein approached 100% by 72 h of incubation. Recently, Zhang et al. \[[@B48]\] reported that increasing the incubation time of lignocellulosic substrate with PEG 4000 from 0--2 h increased the amount of adsorbed PEG. They suggested that increasing the incubation time provided PEG with additional opportunity to interweave into the biomass structure and create a denser hydration layer on the exterior surface. As a result, the denser layer of polymer can provide a greater steric hindrance for the enzyme from the nonspecific sites.

The extensive adsorption of casein onto biomass observed in this research study was not unanticipated in light of the widespread application of casein as glue for adhesion of wood particles. Moreover, the adsorption of **β**-casein to a silica-aqueous solution interface or bimodal PEG brushes and many other supports has been reported in the past \[[@B31], [@B49], [@B50]\]. Based on the prior arts, **β**-casein creates a densely packed monolayer on surfaces via hydrophobic interaction and adsorption of its highly charged N-terminal to the pseudophases \[[@B49]\].

3.4. Cellulase Solubilization Determined by CE {#sec3.4}
----------------------------------------------

Evaluating a specific protein in a mixture of proteins has always been challenging, since methods that use the total nitrogen value cannot distinguish between specific proteins. Analytical methods that can distinguish between proteins include CE, SDS-Page gel electrophoresis, and size exclusion chromatography. However, one of the concerns with these methods is that the peak associated with the protein of interest may overlap with other proteins in the mixture. We selected CE to evaluate the modifications in enzyme adsorption under the effect of casein and milk\'s preadsorption to biomass. In this trial, the relative amount of enzyme substructure in control (enzymatic hydrolysis without additive) and treatment samples (with casein and milk) were compared with each other. Using CE, we were able to differentiate between peaks associated with enzyme and those associated with casein and whey proteins. To locate the characteristic peaks for each of these compounds, separate solutions of HPLC-grade water containing each of these compounds were prepared and processed via capillary electrophoresis.

As can be observed in Figures [3(a)](#fig3){ref-type="fig"}--[3(c)](#fig3){ref-type="fig"}, the CE analysis of individual samples of cellulase, casein, and milk proteins resulted in characteristic peaks for each material. The cellulase sample ([Figure 3(a)](#fig3){ref-type="fig"}) contained peaks at 10.5, 13, 14.5, 16, and 18 min. Commercial casein ([Figure 3(b)](#fig3){ref-type="fig"}) consisted of casein substructures (as labeled), along with minute amounts of whey protein. As can be observed, peaks for *k*-casein appeared at 24.2 min, *αs*~2~-casein at 23.2 min, **β**-casein at 23.8 min, *αs*~1~-casein at 22.0 min, and whey protein at 16--18 min. As it is apparent, the peaks of casein and whey proteins associated with \~20--24 and \~18 min (Figures [3(b)](#fig3){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}) did not overlap with peaks of cellulase. Therefore, retention times of \>11--14, 20--28, and 16--18 min were used to track the cellulase, casein, and skim milk proteins, respectively.

According to the results ([Figure 4(a)](#fig4){ref-type="fig"}), the relative cellulase concentration in corn stover samples that were enzymatically hydrolyzed without the use of any polypeptide additives (casein or skim milk) was smaller than that in samples preincubated with casein or milk. This suggests that cellulase was either adsorbed to corn stover or other hydrophobic surfaces in reaction site or has been degraded. However, when corn stover was treated with casein or skim milk, the specific subunit of cellulase at 12.8 min was significantly increased compared to control (Figures [4(b)](#fig4){ref-type="fig"} and [4(c)](#fig4){ref-type="fig"}).

In the first 24 h of reaction, the majority of cellulase was adsorbed to biomass, during which the amount of one of the cellulase mono-component was reduced in solution by 97.1% ± 1.1. Application of casein and milk reduced the adsorption to 32.9% ± 6.0 and 82.8% ± 6.0, respectively ([Table 4](#tab4){ref-type="table"}). After 72 h of hydrolysis the amount of soluble cellulase adsorption was further reduced to 74.9% ± 0.8 for milk-treated samples and to less than a quantifiable amount for casein-treated corn stover.

It was found that the reduction in casein and whey proteins after 72 h compared to that of 24 h was correlated with the increase in cellulase solubilization. These results suggest the steric barrier role for casein and milk, which prevents from the cellulase nonproductive adsorption to biomass. Similar effects were obtained from the application of nonionic surfactants and polymers such as Triton X-100, Tween 20 and 80, PEG 4000 and 6000, and many others \[[@B9]--[@B11], [@B56]\] in which the adsorption of surfactants to surface of biomass was demonstrated to improve the cellulase activity and increase the enzyme solubilization \[[@B20], [@B40], [@B57]\].

It was reported that polymers adsorbed to surfaces can effectively use the relationship between electrostatic and steric interactions in order to control the adsorption and desorption of proteins of interest \[[@B51]\]. These fundamental findings have been applied in pharmaceutical, surface chemistry, and many other fields to serve as the basis for the design of controlled-release devices \[[@B52], [@B53]\]. Whole casein or the substructures of casein were used onto microtubule motility assays to reserve the kinesin functionality. It was found that the adsorbed casein bilayer improves the activity of kinesin, by one of the tightly bound casein layer anchoring the kinesin, while the second loosely bound layer of casein improves the position of kinesin for interaction with microtubules \[[@B58]\].

4. Conclusion {#sec4}
=============

The cost of cellulase is a major barrier in biomass conversion process, necessitating new techniques to maintain cellulase activity for an extended period of time to reduce cellulase utilization and facilitate cellulase recycling. Casein was found to be an effective biopolymer that can reduce enzyme deactivation. One of the mechanisms of action associated with casein effectiveness on the induction of cellulase activity during conversion of lignocellulosic biomass was investigated using several techniques. As a result, it was found that with no additive, the majority of one of the cellulase mono-component, 97.1 ± 1.1, was irreversibly adsorbed to corn stover within the first 24 h of hydrolysis. However application of casein or skim milk reduced the cellulase adsorption to 32.9% ± 6.0 and 82.8% ± 6.0, respectively. The preadsorption of casein proteins to biomass was demonstrated to be much higher than skim milk protein, and the adsorption of either varied based on the pretreatment of biomass used. Amide profile of the adsorbed casein or skim milk proteins to biomass suggested that perhaps some of the proteins substructures are deformed at the time of adsorption. The results of this study suggest that steric barrier provided by adsorbed casein and whey proteins on lignocellulosic biomass may induce the cellulase activity by prohibition of cellulase adsorption to nonproductive sites of the biomass. Other impacts of biomass-adsorbed protein on cellulase should be further studied.
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![FTIR plots of alkali-pretreated corn stover incubated with casein and skim milk in solution of aqueous citrate buffer for 72 h (a); FTIR plots of lime-pretreated corn stover incubated with casein and skim milk in solution of aqueous citrate buffer for 72 h (b); FTIR plots of dilute acid-pretreated corn stover incubated with casein and skim milk in solution of aqueous citrate buffer for 72 h (c); FTIR plots of extrusion-pretreated corn stover incubated with casein and skim milk in solution of aqueous citrate buffer for 72 h (d); FTIR plots of AFEX-pretreated corn stover incubated with casein and skim milk in solution of aqueous citrate buffer for 72 h (e). Bracket sign demonstrates the amount of protein adsorbed on biomass.](JBB2012-745181.001){#fig1}

![SEM analysis of lyophilized: 4% w/v casein solution in citrate buffer((a), (b), and (c)); extrusion-pretreated corn stover (8 mm) incubated for 24 h with 4% w/v casein solution of citrate buffer ((d), (e), (f), and (g)); extrusion-pretreated corn stover incubated for 24 h in citrate buffer only ((h), and (i)).](JBB2012-745181.002){#fig2}

![Capillary electrophoresis plots of pure cellulase diluted in HPLC grade water (a); commercial casein diluted in HPLC grade water (b);skim milk powder diluted in HPLC grade water (c).](JBB2012-745181.003){#fig3}

![Capillary electrophoresis plots of supernatant from the solution of corn stover hydrolyzed for 24 h with cellulase (no additives) (a); supernatant from the solution of casein-treated corn stover hydrolyzed for 24 h with cellulase (b); supernatant from the solution of skim milk-treated corn stover hydrolyzed for 24 h with cellulase (c).](JBB2012-745181.004){#fig4}

###### 

Pretreatment condition of corn stover and the resulting corn stover composition.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pretreatment                                                       Pretreatment severity\   Yield of original components left in pretreated solids (%)          
                                                                     (log *R*~0~)^f^                                                                              
  -------------- --------------------------------------------------- ------------------------ ------------------------------------------------------------ ------ ------
  Untreated      NA                                                  NA                       34.6                                                         14.9   20.2

  Acid           0.98% H~2~(SO~4~), 5% SL, 140°C, 40 min             2.77                     26.7--28.9                                                   1.0    16.4

  Lime           0.075 g/g^a^ Ca(OH)~2~, 19.5% SL, 120°C, 5 h        2.96                     33.5                                                         10.6   12.3

  Alkali         1% NaOH, 8.3% SL^b^, 60°C, 24 h                     3.31                     31.1--33.0                                                   11.9   7.3

  Extrusion      90°C^c^, 180°C^d^, 180°C^e^, 45--90 sec, 1 : 5 SL   2.20                     33.5--33.9                                                   14.7   20.2

  AFEX           50% SL, 140°C, 15 min                               2.34                     31.1                                                         14.9   15.8
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------

^a^g Ca(OH)~2~/g Biomass, ^b^SL: solid loading (biomass: H~2~O), ^c^feed zone temperature = 90°C, ^d^transition zone temperature = 180°C, ^e^die zone temperature = 180°C, ^f^log *R*~0~ = log\[time exp(*H*--*R*)/14.75\], where *H* is pretreatment temperature and *R* is a reference temperature of 100°C.

###### 

Band frequencies and assignment for protein in aqueous solution.

  Designation                 Bandwidth    Assignments                   Ref
  --------------------------- ------------ ----------------------------- ------------
  H~2~O                       1500--1800   C=O stretching                \[[@B54]\]
  Amide I                     1617--1692   C=O stretching                \[[@B55]\]
  Amide II                    1510--1580   N--H bending vibration        \[[@B55]\]
  C--N stretching vibration                                              
  Amide III                   1229--1301   Mix of several displacement   \[[@B55]\]

###### 

Comparison of soluble casein or skim milk proteins after 72 h of incubation with lime-, alkali-, dilute acid-, and extrusion-pretreated corn stover determined with BSA assay.

  Pretreatment   Soluble skim milk proteins (%)   Soluble casein proteins (%)                     
  -------------- -------------------------------- ----------------------------- ----- ----- ----- -----
  Dilute acid    29                               \<1                           \<1   21    \<1   \<1
  Lime           55                               15                            18    5.6   5.2   \<1
  Alkali         90                               22                            14    65    3.1   \<1
  Extrusion      92                               25                            10    55    8.6   \<1
  AFEX           97                               28                            15    30    3.5   \<1
  Raw            91                               \<1                           15    49    2.5   \<1

###### 

Reduction in one of the mono-component of soluble cellulase in hydrolyzate of corn stover preadsorbed with casein or skim milk compared to control (no additive) determined by CE.

  Sample condition      Reduction in soluble cellulase (%)
  --------------------- ------------------------------------
  No additive 24 h      97.1 ± 1.1
  No additive 72 h      99.5 ± 0.0
  With casein 24 h      32.8 ± 6.0
  With casein 72 h      0.0 ± 0.0
  With skim milk 24 h   82.8 ± 6.0
  With skim milk 72 h   74.8 ± 0.8

\*Standard errors of the mean reported after ±.

[^1]: Academic Editor: Anuj K. Chandel
